In this paper, MoS 2 and Ni-MoS 2 crystal layers were fabricated by the chemical vapor transport method with iodine as the transport agent. Two direct band edge transitions of excitons at 1.9 and 2.1 eV were observed successfully for both MoS 2 and Ni-MoS 2 samples using temperature-dependent optical reflectance (R) measurement. Hall effect measurements were carried out to analyze the transport behavior of carriers in MoS 2 and Ni-MoS 2 , which indicate that the Ni-MoS 2 sample is n-type and has a higher resistance and lower mobility than the MoS 2 sample has. A photoconductivity spectrum was performed which shows an additional Ni doping level existing at 1.2 eV and a higher photocurrent generating only for Ni-MoS 2 . The differences between MoS 2 and Ni-MoS 2 could be attributed to the effect of Ni atoms causing small lattice imperfections to form trap states around 1.2 eV. The temperature-dependent conductivity shows the presence of two shallow levels with activation energies (84 and 6.7 meV in MoS 2 ; 57 and 6.5 meV in Ni-MoS 2 ). Therefore, the Ni doping level leads to high resistance, low mobility and small activation energies. A series of experimental results could provide useful guidance for the fabrication of optoelectronic devices using MoS 2 structures.
Introduction
In recent years, transition metal dichalcogenides (TMDCs) have attracted great attention owing to their two-dimensional layer structure which is analogous to graphene [1, 2] . As a member of the TMDC family, molybdenum disulfide (MoS 2 ) with a direct bandgap is complementary to the graphene and suggests a great potential for logic devices, integrated circuits, and optoelectronics [3] [4] [5] [6] . Therefore, MoS 2 is rallied up as a finite-energy-bandgap alternative to graphene in advanced electronic and photonic device applications [7] [8] [9] [10] [11] . Several interesting properties of MoS 2 have been also studied in terms of the optical properties and electrical structure. For example, Ayari et al. reported there is a transition for MoS 2 from an indirect bandgap in the bulk to a direct gap in the few-layer structures [12] , which would be desirable and beneficial for TMDC transistor development. Kadantsev et al. investigated the electronic structure of a single MoS 2 monolayer using first-principles calculations [13] , and their results point out that a single MoS 2 monolayer is a direct K to K bandgap semiconductor. Howell et al. studied discontinuous characteristics in energy bands that exist at the interface of monolayer and multilayer thin films [14] . Amani et al. carried out a detailed study to understand the behavior of the electrical performance of monolayer MoS 2 field-effect transistors using the chemical vapor deposition method [15] . Furthermore, Kenneth et al. demonstrated near-field electrical detection of silver nanowire plasmons with the atomically thin semiconductor molybdenum disulfide [16] . In spite of many relevant MoS 2 characteristics being determined, so far little is known about the properties of the doping categories and their effect on optical and electrical characteristics in terms of whether MoS 2 is a monolayer or bulk. A stable p-type MoS 2 is important for TMDC device applications 2 of 9 and has been performed by Nb doping against the native n-type propensity in unintentionally doped MoS 2 [17] . In that study a stable p-type conduction with a degenerate hole density of~3 × 10 19 cm −3 in MoS 2 has been demonstrated. Furthermore, Guha et al. pointed out that natural MoS 2 was p-type in the early period [18] . Nevertheless, most studies revealed that MoS 2 ought to be n-type [19, 20] . Among these studies on dopants, little information has been published concerning the material and physical properties for Ni-MoS 2 thin film. Herein, we have also undertaken a series of experiments to analyze the optical and electrical properties of pure MoS 2 and Ni-MoS 2 .
In this paper, both MoS 2 samples with and without the Ni dopant were prepared by the chemical vapor transport (CVT) method. In terms of optical and electrical properties, reflectance (R), transmittance, photoconductivity (PC), and Hall effect measurements were carried out for both samples. A series of experiments results confirmed the Ni dopant effect on fundamental material properties which could provide guidance for further electronic and optoelectronic devices of MoS 2 .
Experimental Details
The MoS 2 single crystals were grown by the CVT method for this study, using I 2 as a transporting agent. The iodine transport agent and the elements including Mo (99.99%), S (99.99%) and Ni (99.99%) were used for the crystal growth. The molar ratio of Mo/S is 1:2. The intentional doping concentration of Ni is 0.5%. Afterward, whole reactants were placed in quartz tubes which were evacuated to 2 × 10 −5 torr and sealed. For growing the crystals, the quartz tube was placed in a three-zone furnace and grown at 1000 • C for 720 h. In order to obtain an optimal diffusion gradient for crystal growth, the temperature gradient was adjusted at 1050 to 935 • C. We carried out electron spectroscopy for chemical analysis (ESCA) for Ni-MoS 2 to confirm existence of elements like nickel or iodine. Figure 1a ,b shows the ESCA results which indicate our Ni-MoS 2 actually has Ni atoms with low percentage of 0.2%. No iodine was detected for both samples using ESCA analysis which provides evidence that probably only a few iodine atoms in both samples. The sample surface was observed using an homemade optical microscope (OM) system. A 150 W Xenon lamp equipped with a PTI 0.25 m monochromator was used to provide monochromatic light which was chopped by a mechanical chopper at frequency of 200 Hz for R measurement. The monochromatic light reflected from the sample surface. Consequently the light was collected by lens, detected by a photomultiplier tube (PMT) and recorded by a lock-in amplifier. Meanwhile, a closed-cycle cryostat was utilized to control the temperature changing from 20 to 300 K for R experiment. The same light source and similar setup were also employed in PC and transmittance experiments. As for PC measurements, the sample was connected in series to a resistor (10 kΩ) and a constant voltage (1 V) to complete a circuit loop. The frequency of probe light was chopped and fixed 7 Hz. We utilized van der Pauw method to carry out Hall effect measurement at room temperature. The electrical properties of MoS 2 and Ni-MoS 2 were investigated including carrier concentration, resistance and mobility. Since the shape of sample is irregular, the four contacts were made to sides in square shape located at the edges of the sample with the same distance between each contact [21] . The temperature-dependent I-V measurements from 20 to 300 K were also carried out in a closed-cycle He-crysostat for temperature conductivity analysis. The samples were illuminated with monochromatic light of 1.2 eV filtered from a xenon lamp. 
Results and Discussion
The samples were formed with many stacked layers after growth. The thickness of the layered MoS2 crystal is about 20 μm. The three-dimensional crystal is formed by stacking the two-dimensional MoS2 sheets. Since there is the interaction of a weak van der Waals force providing a natural cleavage plane of the crystal between two adjacent MoS2 sheets [22] , it would be easy to separate the samples into thin specimens with a smooth surface. The OM images of MoS2 and Ni-MoS2 are presented in Figure 2 . According to previous literature, the optical micrograph image of the surface of 2H MoS2 may show a hexagonal shape, while that of 3R MoS2 may show a triangular shape [23, 24] . In our case, both images show the feature with hexagonal corners (γ = 120 degrees) on the surface, indicating that the MoS2 samples are 2H single crystals. The smooth surfaces of MoS2 are beneficial for performing the R measurements [25] . In order to understand exciton behavior in MoS2 and Ni-MoS2, temperature-dependent R spectra were carried out at a temperature range of 20 to 300 K for both MoS2 and Ni-MoS2 samples. The results of the R spectra of the MoS2 and Ni-MoS2 indicate two main resonance features existing in each spectrum for both samples, as Figure 3 shows. We analyzed these spectra using the below Equation (1) proposed by Korona et al. [26] R v R ｅ
where R is the background, is the intensity, is the photon energy, is the broadening parameter and Θ is the phase. Afterward, two obvious peaks at 1.83 and 2.02 eV were obtained and denoted as A and B at 300 K, respectively. The energy difference between A and B excitonic transitions is 0.15 eV [23] . Furthermore, the values of features A and B are a little lower than those observed in the absorption peaks and photoluminescence peaks of atomically thin MoS2 samples [9] , which could explain these two features arising from direct bandgap transitions between the maxima of split valance bands (v1 and v2) and the minimum of the conduction band (c1). The valance band 
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where R o is the background, R x is the intensity, hv x is the photon energy, Γ x is the broadening parameter and Θ is the phase. Afterward, two obvious peaks at 1.83 and 2.02 eV were obtained and denoted as A and B at 300 K, respectively. The energy difference between A and B excitonic transitions is 0.15 eV [23] . Furthermore, the values of features A and B are a little lower than those observed in the absorption peaks and photoluminescence peaks of atomically thin MoS 2 samples [9] , which could explain these two features arising from direct bandgap transitions between the maxima of split valance bands (v1 and v2) and the minimum of the conduction band (c1). The valance band was split due to the combined effects including the interlayer and spin-orbit coupling [27] . Both features are gradually shifted to the slight highly 1.91 and 2.11 eV, respectively, when the temperature is ramped down to 20 K due to less thermal activation. In addition, both direct bandgap transitions A and B in the R spectra of the Ni-MoS 2 are very close to that of the MoS 2 under different temperatures. Therefore, this result could indirectly reflect that the MoS 2 crystal structure did not suffer from much distortion even though Ni atoms were doped. On the other hand, the interference feature could be found only in the R spectrum of Ni-MoS 2 . This could be attributed to the poor surface roughness of the MoS 2 we picked up for measurement.
Appl. Sci. 2016, 6, 227 4 of 9 was split due to the combined effects including the interlayer and spin-orbit coupling [27] . Both features are gradually shifted to the slight highly 1.91 and 2.11 eV, respectively, when the temperature is ramped down to 20 K due to less thermal activation. In addition, both direct bandgap transitions A and B in the R spectra of the Ni-MoS2 are very close to that of the MoS2 under different temperatures. Therefore, this result could indirectly reflect that the MoS2 crystal structure did not suffer from much distortion even though Ni atoms were doped. On the other hand, the interference feature could be found only in the R spectrum of Ni-MoS2. This could be attributed to the poor surface roughness of the MoS2 we picked up for measurement. Here we adopted the Varshni equation, Eg(T) = Eg(0) − (αT 2 /(T + β)), to describe the bandgap reduction with the temperature [28] . The constant α is related to the electron-phonon and β is related to the Debye temperature. The spectral shift of the A and B features with the energy is depicted in Figure 4 . Furthermore, another analysis method was also considered which was proposed by O'Donnell and Chen [29] . The empirical expression is shown as below in Equation (2) .
where Ei ex (0) is the band bap at 0 K, S is a dimensionless coupling constant, and ħΩ is an average phonon energy. By fitting the Varshni equation (red line) and O'Donnell's empirical expression (blue line), the temperature dependence of the A and B transitions could be obtained. The fitted parameters are listed in Table 1 . The trend and fitted parameters shown here have a reasonable Here we adopted the Varshni equation, E g (T) = E g (0) − (αT 2 /(T + β)), to describe the bandgap reduction with the temperature [28] . The constant α is related to the electron-phonon and β is related to the Debye temperature. The spectral shift of the A and B features with the energy is depicted in Figure 4 . Furthermore, another analysis method was also considered which was proposed by O'Donnell and Chen [29] . The empirical expression is shown as below in Equation (2) . consistency with similar results of reflection of the MoS2 as proposed by Ho et al. [30] . Therefore, the temperature shift of excitonic-transition energies could be attributed to both the lattice variations and interactions with relevant acoustic and optical phonons. 2 . Although the Hall effect measurements also indicate that the Ni-MoS 2 possesses a similar carrier density of~1.1 × 10 13 cm −2 as MoS 2 does, Ni-MoS 2 still has a lower mobility and higher resistance than the undoped MoS 2 has. These results confirm that Ni atoms could not contribute additional electrons or electron holes in MoS 2 . On the contrary, these Ni atoms seem to form defects/traps to obstruct electron flows. Meanwhile, Ni dopants produced a band tailing effect due to slight crystal distortion, resulting in the A and B peaks for Ni-MoS 2 being slightly lower than those for MoS 2 . We implemented PC measurements using a DC bias of 1 V, which records the alternating current induced by the ON/OFF illumination controlled by a mechanical chopper at a frequency of 7 Hz at different photo energies. Meanwhile, transmittance was also carried out at 20 K for comparison. The low temperature PC and transmittance spectrum measured at 20 K are shown in Figure 5 . PC results indicate that the main peaks A and B were also observed for both MoS 2 and Ni-MoS 2 samples, which is consistent with previous R measurements. In additions, there is an extra signal that occurs at 1.2 eV, indicated by D. However, no obvious peak could be found at 1.2 eV for the MoS 2 . For the Ni-MoS 2 sample, this peak D could be attributed to Ni dopants that induce an additional Ni doping level, providing a different transition path of carriers. In addition, the whole PC spectrum of Ni-MoS 2 is wider than that of undoped MoS 2 , which leads to ambiguous A and B positions in the PC spectrum of Ni-MoS 2 . Since Ni dopants not only introduce a doping level but also some impurities or defects that cause additional deep levels in the forbidden band, these multi-levels probably result in an obvious and wide width in the PC spectrum of Ni-MoS 2 . As for the transmittance results, we carried out transmission experiments for samples after exfoliating them several times. The normalized transmission results for MoS 2 and Ni-MoS 2 have been also included in Figure 5 . The ratio of normalized transmission gradually decreased from 1.3 to 1.9 eV due to absorption. However, a low transmission still could be found above 1.9 eV, which could be attributed to some tiny cracks. These cracks were probably produced during the exfoliating process and led to samples that could not absorb the whole photoenergy. In contrast, there is no doping state in the PC spectrum except for both clear A and B excitons, which is consistent with the reflectance results. Since these electrons in the doping state transit to the conduction band, it is worth noting that the photocurrent has been enhanced up to several tens of times and the response wavelength has also been extended when Ni is doped in MoS 2 . This result indicates that the doping is a good way to improve their applications in light responsibility for solar cells and photo detectors.
in the PC spectrum except for both clear A and B excitons, which is consistent with the reflectance results. Since these electrons in the doping state transit to the conduction band, it is worth noting that the photocurrent has been enhanced up to several tens of times and the response wavelength has also been extended when Ni is doped in MoS2. This result indicates that the doping is a good way to improve their applications in light responsibility for solar cells and photo detectors. In order to understand the temperature dependence and the activation energy of the Ni-induced defect in MoS 2 , we carried out temperature-dependent I-V measurements and analyzed the temperature-dependent conductivity of MoS 2 and Ni-MoS 2 for the calculation of activation energy. The samples were illuminated with a monochromatic light of 1.2 eV filtered from a xenon lamp. A typical semiconducting transport behavior is observed for both samples from the conductivity (σ)-T plot shown in Figure 6 . The σ decreases gradually while lowering the temperature from 300 to 20 K.
The inset in Figure 6 shows the Arrhenius plot of both samples. It is possible to obtain information about the activation energy by analyzing the experimental data on the basis of the following relation (3):
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where σ0 is the preexponential factor, Ea is the activation energy and k is the Boltzmann constant. 
Conclusions
In conclusion, both MoS2 and Ni-MoS2 samples were grown by the CVT method. Two direct transitions and one indirect transition for both samples were observed successfully via R spectra analysis. Although the Hall effect measurements indicate that MoS2 and Ni-MoS2 possesses a similar carrier concentration, the Ni-MoS2 still has a lower mobility and higher resistance than the undoped MoS2 has. The characteristics of the n-type carrier were confirmed for both samples 
In conclusion, both MoS 2 and Ni-MoS 2 samples were grown by the CVT method. Two direct transitions and one indirect transition for both samples were observed successfully via R spectra analysis. Although the Hall effect measurements indicate that MoS 2 and Ni-MoS 2 possesses a similar carrier concentration, the Ni-MoS 2 still has a lower mobility and higher resistance than the undoped MoS 2 has. The characteristics of the n-type carrier were confirmed for both samples simultaneously. PC measurements reveal Ni dopants introducing an additional deep Ni doping level existing at 1.2 eV for the Ni-MoS 2 sample which also enhanced the photocurrent. In addition, two shallow activation energies (E a 1 = 84 meV and E a 2 = 6.7 meV) in MoS 2 and (E a 1 = 57 meV and E a 2 = 6.5 meV) Ni-MoS 2 have been defined in this study. Smaller E a values in Ni-MoS 2 could be attributed to Ni-induced donor defects or a related impurity. These results confirm Ni atoms which could not contribute additional electrons or electron holes in MoS 2 . Instead, Ni dopants in MoS 2 would introduce an additional deep level at 1.2 eV causing high resistance and low mobility.
